Introduction
It is now recognized that one of the main mechanisms by which estrogen (E2) deficiency causes bone loss is by stimulating osteoclast (OC) formation (1), a process facilitated by bone marrow stromal cells (SC). SC provide a physical support for nascent OCs and produce soluble and membrane-associated factors that regulate the proliferation and differentiation of OC precursors (2) . Among these factors are osteoprotegerin ligand (OPGL, also known as RANKL, TRANCE, or ODF) (3) (4) (5) and M-CSF (6) (7) (8) . Whereas neither of these two factors is capable of inducing OC formation in the absence of the other, together they induce the differentiation of hematopoietic precursors of the monocytic lineage into mature OCs capable of resorbing bone (3, 5) . The formation of mature OCs is completely dependent on the presence of both OPGL and M-CSF, as demonstrated by the absence of OC development in mice lacking the expression of either factor (4, 9, 10) .
Evidence has also accumulated that suggests that M-CSF plays a key role in enhancing the production of OCs in conditions of E2 deficiency. We have shown that SC from ovariectomized (ovx) mice produce larger amounts of soluble M-CSF than SC from E2-replete mice, a phenomenon that increases the osteoclastogenic activity of SC (11) . Ovx leads to the generation of SC characterized by enhanced casein kinase II-dependent (CKII-dependent) phosphorylation of the nuclear protein Egr-1. Phosphorylated Egr-1 binds less avidly than dephosphorylated Egr-1 to the transcriptional activator Sp-1, resulting in higher levels of free Sp-1 that stimulate transactivation of the M-CSF gene (12) . Thus, Egr-1 is a key mediator of the mechanism by which E2 regulates M-CSF production in SC. Attesting to the relevance of Egr-1 as a regulator of M-CSF production in vivo, we have found that E2 replacement fails to block M-CSF production and OC formation in ovx mice lacking Egr-1 (12) .
Other investigators have reported that E2 downregulates the bone marrow cell production of membranebound M-CSF, a phenomenon that contributes to repress OC formation and bone resorption. (13, 14) . These data and reports indicating that M-CSF increases OC survival and chemotactic behavior of isolated OCs (15) , suggest that increased production of M-CSF accounts, at least in part, for the increased bone resorption and the resulting bone loss that occur in E2-deficient animals. However, the contribution of M-CSF to the pathogenesis of ovx-induced bone loss remains to be elucidated, because E2 regulates the production of several cytokines recognized as potent inducers of osteoclastogenesis and bone resorption. Among these factors are IL-1, IL-6, and TNF (1, (16) (17) (18) . Moreover, E2 could also decrease Increased stromal cell production of M-CSF, an event caused by enhanced phosphorylation of the nuclear protein Egr-1, is central to the mechanism by which estrogen (E2) deficiency upregulates osteoclast (OC) formation. However, the contribution of enhanced M-CSF production to the bone loss induced by E2 deficiency remains to be determined. We found that treatment with an Ab that neutralizes M-CSF in vivo completely prevents the rise in OC number, the increase in bone resorption, and the resulting bone loss induced by ovariectomy (ovx). We also found that adult, intact Egr-1-deficient mice, a strain characterized by maximally stimulated stromal cell production of M-CSF, exhibit increased bone resorption and decreased bone mass. In these mice, treatment with anti-M-CSF Ab restored normal levels of bone resorption, thus confirming that increased M-CSF production accounts for the remodeling abnormalities of Egr-1-deficient mice. Consistent with the failure of ovx to further increase M-CSF production in Egr-1-deficient mice, ovx neither increased bone resorption further, nor caused bone loss in these animals. In summary, the data demonstrate that E2 deficiency induces M-CSF production via an Egr-1-dependent mechanism that is central to the pathogenesis of ovx-induced bone loss. Thus, Egr-1 and M-CSF are critical mediators of the bone sparing effects of E2 in vivo.
OPGL-induced osteoclastogenesis, because it stimulates the production of the decoy OPGL receptor osteoprotegerin (19) .
In this study, we have used two experimental models to investigate the role of M-CSF as a cause of ovxinduced bone loss. First, we have determined whether in vivo treatment with an antibody that neutralizes M-CSF prevents bone loss in ovx wild-type (WT) mice. Second, we have assessed the effects of ovx and E2 replacement on Egr-1-deficient mice.
We report that in vivo treatment with anti-M-CSF antibody completely prevents ovx-induced bone loss. We also demonstrate that neither ovx nor E2 replacement induce changes in the bone density of Egr-1-deficient mice, thus establishing that a key mechanism by which E2 deficiency induces bone loss involves Egr-1-regulated production of M-CSF.
Methods
All animal procedures were approved by the Animal Care and Use Committee of Barnes-Jewish Hospital. Unless otherwise specified, reagents and media were purchased from the Sigma Chemical Co., St. Louis, Missouri, USA.
Study protocol. To determine if neutralization of M-CSF prevents ovx-induced bone loss, 4-month-old Swiss Webster mice (Taconic Farms, Germantown, New Jersey, USA) were ovx or sham-operated by the dorsal approach under general anesthesia (11, 20) . Ovx mice were treated with either the mAb 5A1, which specifically neutralizes murine M-CSF (21) (developed and provided by H.S. Lin, Washington University, St. Louis, Missouri, USA), an irrelevant Ab of the same isotype, or 17β estradiol for the first 4 weeks after surgery. The Ab 5A1 and the irrelevant antibody were injected intraperitoneally at a dose of 0.5 mg/week. At this dose 5A1 Ab is known to neutralize the biological functions of M-CSF in vivo (22) . The in vivo neutralizing activity of sera from 5A1 Ab-treated mice was confirmed by demonstrating the ability of sera, collected at the end of the treatment period, to block the M-CSF-induced proliferation and survival of murine monocytes (CD11b + cells) in vitro. Implanted in a nuchal subcutaneous pocket, 17β estradiol (0.16 µg/day, the lowest dose that maintains a normal uterine weight) was administered using slow-release subcutaneous pellets (Innovative Research of America, Toledo, Ohio, USA).
In a second series of experiments, we investigated the effects of ovx and E2 replacement in Egr-1 knock-out (Egr-1 -/-) mice (23) and age-matched WT control littermates of the same genetic background, a kind gift of Jeffrey Milbrandt (Washington University). Genetic homogeneity was obtained by back breeding the original heterozygous mice (Egr-1 +/-) into the background strain (C57Bl/6) for 10 generations.
Homozygous mice were then generated by crossbreeding male and female mice, each heterozygous for Egr-1. Body weight, size, and E2 serum levels of the Egr-1 -/-mice used in this study were indistinguishable from those of WT littermates (24) . However, E2 treatment fails to decrease SC production of M-CSF and in vitro OC formation in ovx Egr-1 -/-mice (12) .
A first group of intact Egr-1 -/-mice and WT control littermates were sacrificed at the age of 4 months to collect sera for osteocalcin analysis. A second group of mice was used to carry out an experiment in which intact Egr-1 -/-mice and control littermates of 4 months of age were treated with either 5A1 Ab or irrelevant Ab for 4 weeks, as described above. A third group of Egr-1 -/-mice and WT control littermates of 4 months of age were either sham-operated or ovx as described above. The shamoperated mice were left untreated, whereas ovx mice were treated with either control vehicle or 17β estradiol (0.16 µg/day) for 4 weeks, as described above.
Atrophy of the uterus was demonstrated at sacrifice in all ovx mice, except those treated with E2, thus confirming that ovx was successful in blunting circulating E2 levels. Both at baseline and at the end of each study, there were no differences in body weight between ovx and sham-operated mice and no differences between treatment groups.
Bone density measurements. Bone density was measured by dual-energy x-ray absorptiometry (DEXA) performed on a QDR-2000 Plus Densitometer (Hologic, Bedford, Massachusetts, USA). The machine was calibrated daily with a hydroxyapatite phantom of the murine spine. Anesthetized mice were supine and positioned with tape on limbs on a precision-milled acrylic block. Tape was also used on the abdomen and neck to ensure maximum adherence of spine and pelvis to the surface. Measurements were made with a customized mouse whole body software package (Hologic). The global window was defined as the whole body image minus the skull, mandible, and teeth (175 × 135 pixels). Two regions of interest were generated, corresponding to the right (R1) and the left rear limb (R2). For each measurement, a limb box included the femur, tibia, and ankle. The scans were done with a 1.270-mm-diameter collimator, 0.762-mm line spacing, 0.380-mm point resolution, and an acquisition time of 7 minutes. The bone mineral density (BMD) of the right and the left limb were averaged and expressed in milligrams per square centimeter. Each mouse was scanned three times at each time point, with repositioning between scans. The data presented are the average of the three measures. Data from the triplicate measures of each mouse obtained at the initial time point were used to determine the short-term reproducibility of the method. The mean difference in BMD between the three measurements was not significantly different from zero, and the mean coefficient of variation was 2.0%. Long-term reproducibility was assessed by repeated measurements of the murine phantom. Serial scans were analyzed using the same regions of interest as in the first scan for all subsequent scans and using dedicated software for longitudinal comparisons.
Bone histomorphometry. All animals were injected intraperitoneally with calcein (30 mg/kg body weight) 19 and 26 days after surgery. Four weeks after surgery mice were sacrificed and tibiae were removed and fixed in 70% ethanol. The proximal 8 mm was trimmed with a Dremel tool, dehydrated, and embedded undecalcified in methyl methacrylate, as described previously (25, 26) . Longitudinal sections (5 µm thick) taken in the frontal plane through the cancellous bone of the proximal tibia were prepared with a Reichert-Jung Polycut microtome, mounted on glass slides, and stained with Goldner's trichrome. Coverslips were affixed with Eukitt's mounting medium. Histomorphometric analysis was performed using Bioquant True Colors for Windows (R & M Biometrics Inc., Nashville, Tennessee, USA) by an investigator blind to type of surgery and treatment. Measurements were obtained in an area of cancellous bone that measured approximately 2.5 mm 2 , contained only secondary spongiosa, and was located 0.5-2.5 mm distal to the epiphyseal growth cartilage. Total perimeter (Tt.Pm) of cancellous bone surface was measured at ×40. Osteoclast perimeter (Oc.Pm), a standardized index of bone resorption, osteoblast surface (OS/BS), a static index of bone formation, and bone formation rate (BFR/BS), a dynamic (tetracycline-based) index of bone formation, were measured at ×200. OC surface (Oc.S/BS) was calculated as a percentage (Oc.Pm/Tt.Pm). BFR/BS was also measured in cancellous bone of the femoral metaphysis excluding cortical bone on 5-µm thick longitudinal sections. All the indices were defined according to the American Society of Bone and Mineral Research histomorphometry nomenclature (27) .
Deoxypyridinoline crosslinks assay. The urinary excretion of deoxypyridinoline (DPD) crosslinks, a marker of bone resorption (28), was measured in urine samples using the ELISA kit developed and kindly provided by Metra Biosystems (Mountain View, California, USA) (29) . Results were expressed as nanomole per millimole of urinary creatinine (Cr), as measured by a standard colorimetric technique. The intra-and the inter-assay variation of this method were less than 9% and 15%, respectively (30) .
Osteocalcin assay. Serum osteocalcin levels were measured using the competitive RIA assay kit by Biomedical Technologies Inc. (Stoughton, Massachusetts, USA). The intra-and the inter-assay variation of this method were less than 6% and 12%, respectively.
Assessment of serum neutralization activity. The ability of 5A1 Ab to neutralize M-CSF in vivo was assessed by demonstrating that sera harvested at sacrifice from mice treated with 5A1 Ab blocks the M-CSF-dependent proliferation of CD11b + cells. Sera (100 µL) from mice treated with either 5A1 Ab or irrelevant Ab and fresh 5A1 Ab (200 ng in 100 µL) were serially diluted (1:2) and added to bone marrow CD11b + cells (final volume 200 µL per well) purified by positive immunomagnetic selection using a commercial kit (Miltenyi Biotec Inc., Auburn, California, USA). Recombinant mouse M-CSF (25 ng/mL) was added to each well. At the end of a 3-day culture period cell numbers were measured using the MTT assay (31) . 
Results

Sera from mice treated with anti-M-CSF antibody neutralizes M-CSF in vivo.
When tested in a proliferation assay, the serum of mice treated with 5A1 Ab for 4 weeks inhibited M-CSF-dependent survival and proliferation of CD11b + cells in a manner similar to fresh recombinant 5A1 Ab (Figure 1 ). In these experiments, parallel and dose-responsive inhibition curves of M-CSF-induced monocyte proliferation were obtained with fresh 5A1 Ab and sera from 5A1 Ab-treated mice. The sample dilution containing either 6.25 µL serum or 12.5 ng fresh 5A1 Ab per well inhibited 50% of the M-CSF-induced proliferation. Serum from mice treated with irrelevant Ab had no effect on M-CSF-induced monocyte proliferation. These findings demonstrate that 5A1 Ab neutralizes M-CSF in vivo.
Treatment with anti-M-CSF antibody prevents ovx-induced bone loss. To determine if M-CSF neutralization prevents ovx-induced bone loss, mature Swiss Webster
Figure 1
Effect of serum from 5A1 Ab-treated mice on M-CSF-induced monocyte proliferation. Results (mean + SEM) are expressed as percent of M-CSF-induced proliferation. Sera (100 µL) obtained at the end of the treatment period from ovx mice treated with either 5A1 Ab or irrelevant Ab and fresh 5A1 Ab (200 ng in 100 µL) were serially diluted (1:2) and added to CD11b + cells seeded in triplicate in 96-well plates (final volume 200 µL per well). Recombinant murine M-CSF (25 ng/mL) was then added to each well. Cell proliferation was measured after a 3-day incubation, as described in Methods. A P < 0.05, compared with the other groups. mice were either sham-operated or ovx. Sham-operated mice were left untreated whereas ovx mice were treated with either irrelevant Ab, 5A1 Ab, or E2. All treatments were started the day of ovx and continued for 4 weeks. BMD measurements of the rear limbs were obtained before, as well as 2 and 4 weeks after, surgery.
At baseline all groups of mice had similar BMD values (Figure 2 ). During the 4 weeks of follow-up, BMD did not change significantly in sham-operated mice. Consistent with the known potent anabolic effect of E2 in Swiss Webster mice (32), BMD increased 6.8% over baseline (P < 0.05) in E2-treated ovx mice. In contrast, BMD decreased rapidly in ovx mice treated with irrelevant antibody. Four weeks after surgery BMD was, in this group, 8.3% lower than at baseline (P < 0.05). Treatment with 5A1 Ab almost completely prevented the bone loss induced by ovx. In fact, at 4 weeks after surgery, the BMD of ovx mice treated with 5A1 Ab was only 2.4% lower than at baseline (P = NS) and higher (P < 0.05) than that of ovx mice treated with irrelevant Ab. These data demonstrate that M-CSF neutralization prevents ovx-induced bone loss.
Treatment with anti-M-CSF antibody prevents the increase in bone turnover induced by ovx.
To determine if M-CSF neutralization prevents the increase in bone resorption induced by ovx, the urinary excretion of DPD crosslinks, a marker of bone resorption, was measured before and 2 and 4 weeks after surgery. At baseline all groups of mice had similar DPD excretion levels (Figure 3) . Whereas sham operation was not followed by a significant change in DPD excretion (+3.9% compared with baseline, P = NS), ovx caused a 31% increase in DPD excretion (P < 0.05), as compared with baseline. This increase was blunted by treatment with either anti-M-CSF antibody (+12% compared with baseline, P = NS) or E2 (+4% compared with baseline, P = NS). Thus, at 4 weeks from surgery DPD levels were similar in sham-operated mice and ovx mice treated with either E2 or 5A1 Ab. These data demonstrate that M-CSF neutralization prevents the increase in bone resorption induced by E2 withdrawal.
To determine if 5A1 Ab prevents the increase in histomorphometric indices of bone turnover that occurs after ovx, Oc.S/BS, an index of bone resorption, OS/BS, a static index of bone formation, and BFR/BS, a dynamic index of bone formation, were measured in cancellous bone of the tibia in five mice per group,
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Figure 2
Treatment with 5A1 Ab prevents ovx-induced bone loss. Results (mean ± SEM) are expressed as percent of change from baseline. Mice 4 months of age were ovx or sham-operated. Ovx mice were treated with either the anti-M-CSF Ab 5A1, an isotype-matched irrelevant Ab, or E2 for the first 4 weeks after surgery. Sham-operated mice were left untreated. In vivo measurements of rear-limb BMD were carried out by DEXA as described in Methods before surgery and 2 and 4 weeks after surgery (n = 10 mice per group). Baseline BMD values were as follows: Sham, 62.5 ± 1.0 mg/cm 2 ; ovx-irrelevant Ab, 61.9 ± 0.6 mg/cm 2 ; ovx E2, 62.8 ± 0.9 mg/cm 2 ; ovx 5A1 Ab, 63.6 ± 1.0 mg/cm 2 . There was no significant difference for baseline BMD among groups. A P < 0.05 compared with baseline and with any other group.
Figure 3
Treatment with 5A1 Ab prevents the increase in DPD excretion induced by ovx. Results (mean ± SEM) are expressed as percent of change from baseline. Mice were treated as described in Figure 1 (n = 10 mice per group). Baseline DPD values were as follows: sham, 18.6 ± 0.4 nmol/mmol Cr; ovx irrelevant Ab, 18.8 ± 0.4 nmol/mmol Cr; ovx E2, 17.2 ± 0.2 nmol/mmol Cr; ovx 5A1 Ab, 19.9 ± 0.4 nmol/mmol Cr. There was no significant difference for baseline DPD excretion among groups. A P < 0.05 compared with baseline and with any other group.
randomly selected from the entire set of animals. However, in all groups the amount of tibial trabecular surface that exhibited double-tetracycline labeling was insufficient for obtaining a precise estimation of the rate of bone formation. Therefore, BFR/BS was measured in cancellous bone of the femoral metaphysis. We found that in the femora, the mineralized surface corresponded to the osteoid surface and that the amount of double labeling was sufficient for measuring BFR/BS. Table 1 shows that bone resorption and bone formation were threefold and twofold higher, respectively, in ovx mice treated with irrelevant Ab than in both shamoperated mice and ovx mice treated with either E2 or 5A1 Ab. E2-replete mice and ovx mice treated with 5A1 Ab had similar indices of both bone resorption and bone formation. These findings demonstrate that M-CSF neutralization prevents both the increase in OC number occurring after ovx and the changes in bone formation that are "coupled" to bone resorption.
To investigate the effects of M-CSF neutralization on osteoblast activity, the serum level of osteocalcin, a marker of bone formation, was measured in samples harvested at the end of the study. At 4 weeks from surgery, osteocalcin levels were approximately 33% higher (P < 0.05) in ovx mice treated with irrelevant Ab than in both shamoperated and E2-treated ovx mice ( Table 1 ). The ovxinduced increase in osteocalcin was not prevented by M-CSF neutralization, because its levels were similar in ovx mice treated with irrelevant Ab and 5A1 Ab. Since the increase in osteocalcin induced by ovx is due to upregulated osteoblastogenesis (33), these findings suggest that estrogen withdrawal upregulates osteoblast proliferation through an M-CSF-independent mechanism.
Egr-1-deficient mice have decreased bone density and increased bone resorption as result of increased M-CSF production.
To investigate if Egr-1 deficiency alters skeletal development, BMD was measured every 2 weeks between the ages of 4 and 20 weeks in Egr-1 -/-mice and age-matched WT littermates of identical genetic background. This study revealed that BMD reaches a plateau at the age of 4 months in both Egr-1 -/-mice and control littermates (data not shown). However, at 4 months of age BMD was (Figure 4a ) approximately 10% lower in Egr-1 -/-than in WT mice (P = 0.002). DPD excretion was also 33% higher (P < 0.05) in Egr-1 -/-than in WT mice (Figure 4b ). These findings are consistent with the fact that Egr-1 -/-mice produce higher levels of M-CSF than WT controls (12) . Interestingly, serum osteocalcin levels were 27% higher (P < 0.05) in Egr-1-deficient mice than in control littermates (Figure 4c) , a finding likely to reflect a compensatory increase in cancellous bone formation induced by the chronic stimulation of bone resorption.
To demonstrate that the increase in bone turnover of Egr-1-deficient mice is a result of increased M-CSF production, additional intact Egr-1 -/-mice and control littermates were treated for 4 weeks with either 5A1 Ab or irrelevant antibody, as described above. Confirming the results of the previous study, baseline DPD excretion was higher 
Figure 4 (a) BMD, (b) DPD excretion, and (c) osteocalcin levels in adult Egr
in Egr-1 -/-mice than in WT controls. Whereas irrelevant Ab had no effect in both groups of mice, treatment with 5A1 Ab ( Figure 5 ) did not alter DPD excretion in WT mice, but resulted in a significant decrease in DPD excretion in Egr-1-deficient mice. Thus, at the end of the study, Egr-1 -/-mice treated with 5A1 Ab had a DPD excretion similar to that of WT mice treated with either irrelevant Ab or 5A1 Ab. These findings demonstrate that increased M-CSF production is responsible for the enhanced bone resorption observed in Egr-1-deficient mice. Ovx fails to induce bone loss and increase bone turnover in Egr-1-deficient mice. In WT mice ovx is followed by a rapid increase in stromal cell M-CSF production (12) . In contrast, in Egr-1 -/-mice M-CSF production is maximally stimulated in both E2 replete and ovx mice (12) . Thus, to further investigate the relevance of M-CSF as a mediator of the effects of E2 deficiency in bone, Egr-1 -/-mice and control littermates were either ovx or sham-operated, and BMD measured 2 and 4 weeks after surgery.
Before surgery, the 3 groups of WT mice had similar BMD values ( Table 2 ). The 3 groups of Egr-1 -/-mice were also homogeneous with respect to baseline BMD. As shown in Figure 6 and Table 3 , in untreated WT mice BMD decreased rapidly after ovx. Four weeks after surgery, BMD was 10.7% lower than at baseline (P < 0.05). In contrast, no significant changes took place in the BMD of both E2-treated ovx (+2.2% compared with baseline, P = NS) and sham-operated WT mice (-1.3% compared with baseline, P = NS). As a result, at 4 weeks BMD was lower (P < 0.01) in untreated ovx WT mice as opposed to E2-replete WT animals. Conversely, in Egr-1 -/-mice no significant changes in BMD occurred after surgery in either the untreated ovx (-1.5% compared with baseline, P = NS), the E2-treated ovx (-0.1% compared with baseline, P = NS), or the sham-operated animals (0.6% compared with baseline, P = NS). Thus, 4 weeks after ovx, all groups of Egr-1 -/-mice had similar (P = NS) BMD values. These data demonstrate that Egr-1-deficient mice are protected against ovx-induced bone loss.
To determine if the lack of Egr-1 prevents the increase in bone resorption induced by ovx, DPD excretion was measured before and 2 and 4 weeks after ovx. At baseline, the 3 groups of WT mice and the 3 groups of Egr-1 -/-mice were homogeneous with respect to DPD excretion (Table 2 ). In WT mice DPD excretion increased ( Figure 7 and Table 3 ) by 40% in the untreated ovx group (P < 0.05), whereas it remained unchanged in both sham-operated (6.0% compared with baseline, P = NS) and E2-treated ovx mice (-2.0% compared with baseline, P = NS). In contrast, in Egr-1 -/-mice, DPD excretion did not increase in untreated ovx mice (1.3% compared with baseline, P = NS), E2-treated ovx mice (3.0% compared with baseline, P = NS), or in sham-operated mice (4.0% compared with baseline, P = NS). As a result DPD levels were similar at baseline and at 4 weeks from surgery in all groups of Egr-1 -/-mice.
To determine if Egr-1 deficiency also prevents the increase in bone formation induced by ovx, serum levels of osteocalcin were measured in samples collected at sacrifice. At 4 weeks after surgery serum osteocalcin levels were approximately 50% higher (P < 0.05) in WT untreated ovx mice than in both WT sham-operated and WT E2-treated ovx mice (Table 3 ). In contrast, in Egr-1 -/-mice ovx was not followed by a significant increase in osteocalcin levels, a finding likely to reflect appropriate "coupling" between bone resorption and bone formation in Egr-1 -/-mice.
Discussion
It is now recognized that E2 prevents bone loss through effects on bone marrow and bone cells, which result in decreased OC formation, increased OC apoptosis, and decreased capacity of mature OCs to resorb bone (1). E2
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Figure 5
Treatment with 5A1 Ab decreases DPD excretion in Egr-1-deficient mice. Intact adult WT and Egr-1 -/-mice were treated with either 5A1 Ab or irrelevant Ab for 4 weeks as described above. Results (mean + SEM) are expressed as absolute values (n = 5 mice per group). A P < 0.05 compared with both groups of WT mice. modulates OC apoptosis and OC activity both directly (34, 35) and indirectly, through regulation of growth factors and prostaglandins (36, 37) . Conversely, inhibition of OC formation results primarily from the ability of E2 to regulate the production of pro-and anti-osteoclastogenic cytokines. Among them are IL-1, IL-6, TNF, M-CSF, and osteoprotegerin (1, 11, 16, 17, 19) . The current study was designed to examine the contribution of M-CSF to the bone sparing effect of E2. Several splice variants of M-CSF have been described, including a soluble and a membrane-bound form (38) . Both forms are produced by bone marrow SC, a cell lineage that also produces the membrane-bound cytokine OPGL (39) . By interacting with specific receptors expressed on hematopoietic precursors of the monocytic lineage, SC produced OPGL and M-CSF induced OC formation (3) (4) (5) . Thus, M-CSF is one of the two currently recognized essential inducers of osteoclastogenesis.
E2 is known to downregulate both membrane-bound and soluble M-CSF, although different mechanisms are involved. The expression of membrane-bound M-CSF on bone marrow cells is directly inhibited by E2 (13, 14) , although it has not yet been determined whether E2 regulates the SC production of membrane-bound M-CSF. In contrast, E2 does not directly downregulate the secretion of soluble M-CSF by mature SC, but rather directs the differentiation of SC precursors toward a mature phenotype characterized by a lower production of soluble M-CSF (11, 12) . Conversely, SC that differentiate in the bone marrow of E2-deficient mice, acquire the capacity to secrete larger amounts of soluble M-CSF. These "high M-CSF-producing SC" are characterized by increased CKII activity, a phenomenon leading to increased phosphorylation of the nuclear protein Egr-1. Phosphorylated Egr-1 binds less avidly to the transcriptional activator Sp-1 and the resulting higher levels of free Sp-1 stimulate transactivation of the M-CSF gene (12) . Thus, the ability of E2 to lead to the formation of SC producing low amounts of M-CSF is a key mechanism by which E2 blocks OC formation.
In this study we have examined the contribution of soluble and membrane-bound M-CSF to the pathogenesis of ovx-induced bone loss by determining whether inhibiting M-CSF function in vivo through treatment by anti-M-CSF Ab 5A1 (21) prevents the increase in bone resorption and the bone loss induced by ovx. At the dose used in this study (0.5 mg/week) 5A1 Ab is known to neutralize the biological functions of M-CSF in vivo (22) , a finding confirmed in the current study. Osteoclastic bone resorption was assessed by bone histomorphometry and by measuring the urinary excretion of DPD, a specific and sensitive marker of bone resorption, using an assay that has been validated previously in the mouse (40) . Bone density was measured in vivo by DEXA using a modification of the method described by Weinstein et al. (41) . The high in vivo reproducibility of this method (2%) makes it possible to detect significant changes in BMD as early as 1 week after ovx. This technique is therefore suitable for determining the effects of cytokine neutralization on bone density in vivo.
We found that in vivo treatment with 5A1 Ab prevents the bone loss and the increase in OC number, bone resorption, and bone formation induced by ovx. These findings demonstrate the existence of a causal relationship between increased SC production of M-
Figure 6
Egr-1-deficient mice are protected against ovx-induced bone loss. Results (mean ± SEM) are expressed as percent of change from baseline. Thirty Egr-1 -/-mice and 30 control WT littermates were either ovx or sham-operated. Ovx mice were treated with either vehicle or E2 for 4 weeks. Sham-operated mice were left untreated (n = 10 mice per group). In vivo measurements of rear-limb BMD were carried out as described in Figure 2 . A P < 0.05 compared with baseline and to any other group. CSF and ovx-induced bone loss. Since ovx increases and 5A1 Ab neutralizes both soluble and membrane-bound M-CSF, it is likely that both forms of M-CSF contribute to the pathogenesis of ovx-induced bone loss.
It is now recognized that in the mouse E2 replacement causes a net increase in bone density by stimulating formation on endosteal bone surfaces independently of resorption (32, 42, 43) . E2 replacement is also known to reverse the increase in osteocalcin levels induced by ovx (18, (44) (45) (46) . The latter phenomenon reflects suppression of turnover at sites of active remodeling on cancellous bone surfaces (45) . Confirming these earlier reports, in this study we found that E2 replacement led to a net increase in bone density whereas it lowered cancellous bone formation and osteocalcin levels, as measured using an assay previously validated in the mouse (33, 40) .
Similar to E2, treatment with 5A1 Ab prevented the increase in both bone resorption and cancellous bone formation. Thus, the ability of 5A1 Ab to prevent bone loss is likely to be entirely related to suppression of bone resorption. However, M-CSF neutralization neither resulted in a net increase in bone density nor prevented the increase in osteocalcin induced by ovx. The inability of 5A1 Ab to cause a net increase in bone density indicates the lack of a cause-effect relationship between M-CSF and the stimulatory effects of E2 on endosteal bone formation. Moreover, since the increase in osteocalcin induced by ovx is due to unregulated osteoblastogenesis (33) , the failure of M-CSF neutralization to normalize osteocalcin levels suggests that ovx stimulates osteoblast proliferation through a M-CSF-independent mechanism.
The relevance of M-CSF as inducer of bone loss in E2-deficient mice was confirmed using Egr-1 knock-out mice. We have previously reported that M-CSF levels and OC formation are maximally stimulated in E2-replete Egr-1-deficient mice (12) . In the current study we have found that Egr-1-deficient mice have increased bone turnover and that M-CSF neutralization restores a normal rate of bone resorption. Importantly, 5A1 Ab did not decrease DPD excretion in WT mice, a finding that confirms previous reports demonstrating that in adult mice lacking M-CSF there is a compensatory increase in the levels of cytokines that substitute for M-CSF, such as IL-3, GM-CSF, and VEGF, thus assuring the renewal of the osteoclastic population (47, 48) . We recognize that we have not excluded the possibility that Egr-1 may regulate additional factors relevant for osteoclastogenesis and bone resorption; however, since M-CSF neutralization normalizes bone resorption in Egr-1 -/-mice, the data demonstrate that M-CSF plays an essential role in stimulating osteoclastogenesis above baseline levels.
We also found that in adult Egr-1 -/-mice BMD is approximately 10% lower than age-matched WT littermates of identical genetic background. It could be argued that the chronic overproduction of M-CSF characteristic of Egr-1 -/-mice should have resulted in the finding of even lower BMD values in these mice, compared with control littermates. However, it should be noted that in ovx rats and mice long-term stimulation of osteoclastogenesis leads to a compensatory increase in bone formation that limits the net loss of bone. This hypothesis is supported by the finding of higher osteocalcin levels in Egr-1 -/-than in WT mice. In addition, chronic M-CSF stimulation of mature OCs markedly downregulates the expression of M-CSF receptors on these cells (49) . Thus, it is conceivable that decreased responsiveness to M-CSF may contribute to explain the lack of a lower BMD in mature Egr-1-deficient mice.
In Egr-1-deficient mice ovx is unable to further increase both the SC production of M-CSF and the formation of OCs in cultures of bone marrow cells (12) . Whereas ovx was followed by rapid bone loss in WT littermates, no significant decrease in BMD was detected in Egr-1 -/-mice. These findings are not unexpected, because the production of M-CSF and osteoclastogenesis are maximally stimulated in both E2-replete and E2-deficient Egr-1 -/-mice (12) . As a result, ovx does not induce increases over baseline in M-CSF and OC production, a phenomenon that explains why ovx does not cause bone loss in Egr-1 -/-mice. Likewise, the lack of change in BMD in response to E2 replacement reflects the inability of E2 to repress M-CSF production and osteoclastogenesis in an Egr-1 -/-background.
In summary, since E2 downregulates the SC production of M-CSF and ovx-induced bone loss is prevented by both M-CSF neutralization and Egr-1 deletion, Egr-1-regulated M-CSF production plays a key role in the mechanism by which E2 deficiency increases bone resorption and causes bone loss.
Figure 7
Ovx fails to increase DPD excretion in Egr-1 -/-mice. Results (mean + SEM) are expressed as percent of change from baseline. Mice were treated as described in Figure 6 (n = 10 mice per group). A P < 0.05 compared with baseline and to any other group.
